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Ionic forceThe inﬂuence of maltose-modiﬁed poly(propylene imine) (PPI) dendrimers on dimyristoylphosphatidylcholine
(DMPC) or dimyristoylphosphatidylcholine/dimyristoylphosphatidylglycerol (DMPC/DMPG) (3%) liposomes
was studied. Fourth generation (G4) PPI dendrimers with primary amino surface groups were partially (open
shell glycodendrimers—OS) or completely (dense shell glycodendrimers—DS)modiﬁedwithmaltose residues.
As a model membrane, two types of 100 nm diameter liposomes were used to observe differences in the inter-
actions between neutral DMPC and negatively charged DMPC/DMPG bilayers. Interactions were studied using
ﬂuorescence spectroscopy to evaluate the membrane ﬂuidity of both the hydrophobic and hydrophilic parts of
the lipid bilayer and using differential scanning calorimetry to investigate thermodynamic parameter changes.
Pulsed-ﬁled gradient NMR experiments were carried out to evaluate common diffusion coefﬁcient of DMPG
and DS PPI in D2O when using below critical micelle concentration of DMPG. Both OS and DS PPI G4 dendrimers
show interactions with liposomes. Neutral DS dendrimers exhibit stronger changes in membrane ﬂuidity com-
pared to OS dendrimers. The bilayer structure seems more rigid in the case of anionic DMPC/DMPG liposomes
in comparison to pure and neutral DMPC liposomes. Generally, interactions of dendrimers with anionic DMPC/
DMPG and neutral DMPC liposomes were at the same level. Higher concentrations of positively charged OS
dendrimers induced the aggregation process with negatively charged liposomes. For all types of experiments,
the presence of NaCl decreased the strength of the interactions between glycodendrimers and liposomes.
Based on NMR diffusion experiments we suggest that apart from electrostatic interactions for OS PPI hydrogen
bonds play a major role in maltose-modiﬁed PPI dendrimer interactions with anionic and neutral model mem-
branes where a contact surface is needed for undergoing multiple H-bond interactions between maltose shell
of glycodendrimers and surface membrane of liposome.
© 2015 Published by Elsevier B.V.1. Introduction
Many new drugs have been recently developed that need to be
effectively delivered to target organs, tissues or cells by a drug delivery
system (DDS). The usage of drug carriers is motivated by many advan-
tages, such as the protection of cargo from inactivation by light or en-
zymes, the reduction in toxicity or the increase in solubility. Good
DDSs can enhance biodistribution and direct the drug to the location
where it should act. Moreover, DDSs can provide long-term release of
the pharmacotherapeutic at the target location and reduce its undesir-
able side effects [1–3]. Thus, beneﬁcial DDSs are those that spend
enough time in the blood stream and are tailored to the desired tissue.Evangelista Purkinje University,
Tel./fax: +420 475 283 622.
).In addition, they should not accumulate in body tissues and need to ex-
hibit highly biocompatible properties in in vitro and in vivo conditions.
Dendrimers are promising groups of nanoparticles that have been
widely investigated in the ﬁeld of DDSs. The history of these globular
polymers dates back to the end of the 1970s; however, the number of
varieties is still growing, and the area of modiﬁcation and bio-
application is still being developed. Dendrimers generate interest be-
cause of their perfectly branched molecular structure, which is suscep-
tible to external surface group modiﬁcation to enhance both their
complexation properties to drugs and their biocompatibility in biologi-
cal systems.
Despite the many advantages of these potential DDSs, there is a
problem with the high toxicity of positively charged polyamine
dendrimers. It has been shown that cytotoxicity is a concern with den-
drimer generation and a growing number of cationic amino surface
groups that are prone to destabilize cell membranes and cause lysis of
the cell [4–6]. As mentioned before, an ideal dendritic candidate for a
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achieve new properties of cationic polyamine dendrimers through var-
ious surface modiﬁcations [5,7–9].
For the successful use of sugar-decorated poly(propylene imine)
(PPI) dendrimers as a DDS [10–12] and a biological [13–15] and stabiliz-
ing [16] agent in (bio-)medical applications, one has to not only search
for those potential applicationﬁelds but also understand the cellular up-
take and cellular trafﬁcking in various cells. Moreover, a fundamental
understanding of their molecular interaction properties against a
biological cell membrane and model lipid membranes is mostly
unknown. Efforts have been made to evaluate the complex cellular
uptake in normal and cancer melanoma cells [17]. In this context,
open and dense shell PPI glycodendrimers (Fig. 1) are generally used
to determine their potential use in the bio-application, while until
now, no answer has been given concerning whether neutral or cationicFig. 1. (A) Synthetic pathway of 4th-generation PPI OS and DS dendrimers using the parental P
both dendrimers are presented in the experimental section. (C) Molecular structures of anion
acid (ANS) both used in PFG NMR experiments.PPI glycodendrimer (Fig. 1) undergoes stronger interactions with bio-
logical membranes. In this study, we describe the fundamental interac-
tion features of cationic andneutral PPI glycodendrimers against neutral
and anionicmodel lipidmembranes. These resultsmay help us to better
understand their general interaction features against supramolecular
entities such as vesicles in biological systems. A large number of proton-
ated amine groups in parental PPI dendrimers at higher generations
that are present at a physiological relevant pH 7.4 have resulted in
high toxicity of the parental 3rd and 4th generation PPI dendrimers in
previous investigations of PPI dendrimer toxicity in vitro and in vivo
[8,18]. Previous research has demonstrated the high negative impact
of unmodiﬁed PPI dendrimers on cells as well as animals. The results
lead to the conclusion that a number of cationic surface groups have
an inﬂuence on the compound toxicity. The higher amount of positively
charged amino groups causes higher cytotoxicity. The results alsoPI dendrimer. (B) Idealized chemical structure of PPI DS dendrimer. Molecular masses of
ic dimyristoylphosphatidylglycerol (DMPG) and anionic 8-anilino-1-napthalene sulfonic
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tion with components of biological membranes such as proteins or
negatively charged lipids. It is therefore not surprising that surface
group modiﬁcations, especially the sugar decoration of PPI dendrimers,
have been made to decrease the toxicity of cationic PPI dendrimers
[8–10,18,19].
Thus, maltose surface modiﬁcation of PPI dendrimers results in
promisingly high biocompatibility [18]. On the other hand, these cation-
ic (open shell) and neutral (dense shell) PPI glycodendrimers are still
able to interact with cationic and anionic proteins [8,20,21]. From
these studies two tendencies can be concluded: First cationic open
shell glycodendrimers have stronger binding strengths against
biomolecules than neutral dense shell glycodendrimers. On the other
hand the largest generation (4th G) within the series of dense shell
PPI glycodendrimers has the higher binding strengths against HSA
biomolecules than the 3rd generation [8], while smaller 1st and 2nd
generation of dense shell glycodendrimers do not interact with HSA
molecules at all (unpublished results). These results are promising for
their future biomedical use, unlike the neutral hydroxyl-terminated
PAMAM dendrimers, which did not show afﬁnity to biomolecules [8,
22]. Despite the useful properties of these PPI-based nanomaterials for
the development of an efﬁcient DDS or biological agents, the important
question that has not yet been answered is whether the maltose-
modiﬁed PPI dendrimers possess an afﬁnity to biological membranes
and, if so, what the nature of this interaction is. To clarify the results
presented in this article related to the interaction mechanism of
4th-generation maltose-modiﬁed PPI dendrimers (Fig. 1) with model
lipid membranes, a very short introduction of dendrimer physical
and chemical properties follows. An open shell 4th-generation PPI
glycodendrimer contains a low degree of maltose substitution on the
peripheral primary amino groups (Fig. 1: 37.5%). The low maltose sub-
stitution of a 4th-generation PPI dendrimer is generally accompanied
by the presence of cationic charge density. This always results in stron-
ger interaction properties with isolated protein solutions in comparison
to those of neutral dense shell PPI glycodendrimers [20,21]. Further-
more, ionic interactions are mainly favored when cationic open shell
PPI glycodendrimers are involved in biological interaction studies [13,
15,20,21]. In addition, a dense shell 4th-generation PPI glycodendrimer
(Fig. 1: degree of maltose substitution for peripheral primary amino
groups: N90%) can be considered as an amphiphilic macromolecule
possessing a cationic PPI core and a neutral maltose shell [13,23]. Neu-
tral charge density of dense shell glycodendrimers [13,23] is character-
ized by the non-charge compensation of cationic PPI core when anionic
polyelectrolyte is added to dense shell glycodendrimer solutions for car-
rying out polyelectrolyte titration experiments. This means that dense
maltose shell hampers penetration of anionic polyelectrolyte to com-
pensate cationic charge of PPI core in dense shell PPI glycodendrimers
[13,23]. As shown in previous studies, the interaction features of
dense shell PPI glycodendrimers against peptides and proteins are pref-
erentially tailored by H-bonds [8,13,20,21,23].
Instead of biological membranes, simpler lipid models (e.g., lipid bi-
layers) are used to reﬂect the inﬂuence of new chemicals on the lipid
part of membranes. The use of liposomes not only eliminates the
inﬂuence of membrane proteins but also has other advantages, such
as high time stability and simple preparation. Model lipid membranes,
consisting of commercially available lipids, can simulate the composi-
tion of every type of cell membrane. Moreover, they can be created
with lipid extracted from cell membranes. Model membrane studies
are sources of information about the phenomena happening at the
bilayer domains, membrane fusion and permeability [24–26].
Here, we report our investigation of the inﬂuence of two types
(neutral and cationic) of maltose-modiﬁed 4th-generation PPI
dendrimers on neutral DMPC and negatively charged DMPC/DMPG li-
posomes. The data presented in this article help to clarify (I) the nature
of maltose-modiﬁed PPI dendrimer interactions with lipid bilayers and
(II) the phenomena that may occur in biological membranes.2. Materials and methods
2.1. Materials
Lipids:1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and
1,2-dimyristoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt
(DMPG) and ﬂuorescent probes: 1,6-diphenyl-1,3,5-hexatriene (DPH);
N,N,N-trimethyl-4-(6-phenyl-1,3,5-hexatrien-1-yl) phenylammonium
p-toluenesulfonate (TMA-DPH); 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES buffer); and anionic anionic 8-anilino-1-
napthalene sulfonic acid (ANS) were purchased from Sigma Chemical
Company. Maltose monohydrate, borane-pyridine complex (8 M in
THF) and sodium borate were purchased from Fluka. Fifth generation
poly(propylene imine) (PPI) dendrimer was supplied by SyMO-Chem
(Eindhoven, Netherlands). Fifth generation supplied by SyMO-Chem
does not correspond to the general rules for describing polyamine
dendrimers [24]. Thus 4th generation PPI dendrimer is used here in
this study. Moreover, all mentioned generations of PPI dendrimers fol-
low the recommending nomenclature of polyamine dendrimers as sug-
gested in a recent review [27]. Maltose-modiﬁed 4th-generation PPI
dendrimers (Fig. 1) were synthesized and characterized as described
in previous papers [8,13]. Molecular mass is 22,670 g/mol for an open
shell glycodendrimer, 46,000 g/mol for a dense shell glycodendrimer
and 7168 g/mol for an unmodiﬁed PPI dendrimer G4.
2.2. Liposome preparation
Phospholipids were dissolved in organic solvents. Appropriate
amounts of lipid solution with or without ﬂuorescent probes were
placed in a ﬂask under a stream of nitrogen to evaporate the solvent.
The resulting lipid ﬁlm was hydrated with an appropriate volume of
buffer and mixed. The lipid mixture was incubated at a temperature
above the lipid phase-transition point. Subsequently, the suspension
was forced to pass N15 times through a polycarbonate membrane of
100 nm porosity (Nuclepore, T-E) mounted in a mini-extruder (Avanti
Polar Lipids) ﬁtted with two 1000-μl Hamilton gastight syringes. After
preparation, the suspension of liposomes was incubated in a water
bath at 37 °C for 10 min. For ﬂuorescence experiments, the ﬁnal lipid
concentration was 100 μM, and the phospholipid/ﬂuorescent probe
molar ratio was 500:1 [28,29].
2.3. Characterization of research models and aggregation process
The size of particles was measured using the dynamic light scatter-
ing (DLS) method in a Zetasizer Nano-ZS instrument (ZEN3600,
Malvern Instruments, UK) [30]. The refraction factor was assumed to
be 1.33, while the detection angle was 173° and the wavelength of red
laser light was 633 nm. Samples in 10 mM Hepes, pH 7.4, were placed
in the glass cell (PCS8501, Malvern) and measured at 37 °C. The data
were analyzed using the Malvern software.
The particle charge measurements were conducted with a Zetasizer
Nano-ZS using a combination of twomeasurement techniques: electro-
phoresis and laser Doppler velocimetry. The electrophoretic mobility of
particles was measured in an applied electric ﬁeld using Malvern capil-
lary plastic cells (DTS1061)with a cuprum electrode coveredwith gold.
Samples were prepared andmeasured at 37 °C in 10mMHepes, pH 7.4.
The zeta potential value was calculated by Malvern software from the
Helmholtz–Smoluchowski equation [31]. To characterize lipid model
membranes and dendrimers, concentrations of 200 μM and 50 μM, re-
spectively, were used. During the liposome titration by dendrimers,
the concentration of dendrimers increased from 0.5 μM to 120 μM.
2.4. Fluorescence spectroscopy
Fluorescence anisotropy measurements were carried out with a
FluoroMax-4 spectroﬂuorimeter (Horiba Scientiﬁc, France). To monitor
Table 1
Characteristics of the dendrimers and liposomes used in the experiments.
Hydrodynamic
diameter dh [nm]
Zeta potential
[mV]
Polydispersity
index (PdI)
Dendrimers
PPI OS 3 ± 1 4.0 ± 0.7 0.381
PPI DS 5 ± 1 −5.2 ± 1.1 0.373
PPI-G4 3 ± 2 24.0 ± 0.5 0.210
Liposomes
DMPC 120 ± 2 −2.0 ± 3.0 0.063
DMPC/DMPG 137 ± 3 −23.4 ± 1.3 0.040
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used. The ﬁrst, DPH, an apolar molecule, was incorporated into the hy-
drophobic region of the liposome bilayer, and the second, TMA-DPH,
was anchored on the surface of the liposome bilayer and exposed to a
hydrophilic environment due to its positively charged amino groups.
The excitation and emissionwavelengthswere 340 nm and 428 nm, re-
spectively. The slit width of the excitationmonochromatorwas 3 nm for
both labels, whereas the slit width of the emissionmonochromator was
2.5 nm for DPH and 3.5 nm for TMA-DPH [32–34]. The temperature of
37 °C was stable and controlled during all experiments. All dendrimers
were dissolved in 10 mM Hepes with or without NaCl buffers, pH 7.4,
and added to the sample to reach the appropriate concentration. The
liposome concentration was 200 μM.
The polarization values (r) of the samples were calculated by the
ﬂuorescence data manager program (FluorEssence software) using the
following equation:
r ¼ IVV−GIVHð Þ= IVV þ 2GIVHð Þ
where IVV and IVH are the vertical and horizontal ﬂuorescence intensi-
ties, respectively, to the vertical polarization of the excitation light
beam. The factor G = IHV/IHH (grating factor) corrects the wavelength
response to the polarization of the emission optics and detectors.
2.5. Differential scanning calorimetry
The differential scanning calorimetry (DSC)methodwasused for the
study of dendrimer interactions with both types of neutral and nega-
tively charged liposomes. Liposome/dendrimer buffered suspension
samples were loaded in the measurement cell of a DSC III micro-
calorimeter (Setaram, France). Bufferwasused as a reference for the ref-
erence cell. The typical lipid concentrationwas 2.3mM, and a 10:1 lipid:
dendrimer molar ratio was used. For both types of liposomes, two
heating/cooling cycles at a range of 5–45 °C were performed at a
0.5 °C/min scan rate [28,35].
2.6. NMR diffusion experiments
To probe a possible interaction between the DPMG and the dendri-
mer, pulsed-ﬁeld gradient (PFG) NMR [36] has been performed. Details
of the experimental set-up are described in former studies [37,38]. Ex-
periments had been optimized to observe the diffusion of the surfactant
with a gradient duration of 0.7 ms, a diffusion time of 7 ms 64 gradient
steps between 0.2 T/m and 7 T/m. This optimization step is forced by the
concentration of DMPG below the critical micelle concentration
(DMPG: 0.0044 mM (cmc = 0.011 mM); DS PPI: 0.022 mM). The low
concentration solution of DMPG in PFG NMR experiments provides a
low sensitivity over the experimental setup.
2.7. Statistical analysis
Statistical analysis and exponential curve ﬁtting were performed
using Statistica software. Results are expressed as mean ± standard
error of the mean (SEM).
3. Results
3.1. Size and zeta potential
Hydrodynamic diameters and the zeta potential of nanoparticles
were measured to characterize dendrimers, model membranes and
their interaction. The results show the differences between both types
of used dendrimers. The PPI DS dendrimer was slightly negatively
charged and has a diameter 2 nm larger than the PPI OS dendrimer.
The zeta potential value measured for the open shell PPI dendrimerreﬂected the positively charged surface of this molecule. All data are
shown in Table 1.
Liposomes consisting of a single dimyristoylphosphatidylcholine
(DMPC) or binary mixtures of DMPC and 3% dimyristoylphos-
phatidylglycerol (DMPG) were used. The only difference between
those two types of lipids is the structure of the polar part. Both are
made of a nitrogenous base bonded with a choline (DMPC) or glycerol
(DMPG) unit. The addition of DMPG was done to achieve a negative
charge on the liposome surface. As was expected, the resulting zeta po-
tential value of these two types of liposomeswas different. In the case of
the DMPC liposome, the value was−2.0 mV, whereas liposomes made
of the lipid mixture DMPC/DMPG had a zeta potential with a very low
negative value (Table 1). The size of both types of liposomeswas similar,
but the hydrodynamic diameter of negatively charged liposomes was
approximately 17 nm larger.
During the experiments with titration liposomes by dendrimers,
there were no hydrodynamic diameter changes for all neutral (DMPC)
liposomes and negatively charged liposomes (DMPC/DMPG) with a
dense shell dendrimer (Table 2). The increase in the diameter was
only observedwhenmodelmembraneswere negatively charged and ti-
trated by positively charged open shell dendrimers. There were differ-
ences between samples suspended in a buffer with or without the
addition of NaCl. The aggregation process happened much slower in a
buffer with salt.
3.2. Fluorescent anisotropy measurements
The thermodynamic properties of the DMPC and DMPG lipids are
similar, so the structure of a bilayer made of the DMPC/DMPG mixture
would be the same as for pure DMPC liposomes at a temperature
above the transition point. Fluorescent anisotropy experiments were
carried out at 37 °C, a temperature above the main transition points
for both lipids, so that the structure of the bilayer was in a liquid crystal
phase for all used types of liposomes.
Unmodiﬁed PPI G4 and both types of maltose modiﬁed PPI
dendrimers signiﬁcantly inﬂuence the values of ﬂuorescence anisotropy
of theprobes present in all types of liposomes (DMPC aswell as themix-
ture of DMPC/DMPG). The fact that liposomalmembranes becomemore
rigid in the presence of dendrimers is reﬂected by the increase in the
ﬂuorescence anisotropy value (Figs. 2, 3 and 4). The strength of interac-
tion was the lowest for unmodiﬁed PPI (Fig. 2).
Experiments were carried out in two types of environments in a
buffer with or without the 150 mM concentration of NaCl. Changes in
anisotropy were observed for all variants used during the experiments.
By using two types of ﬂuorescent probes, it was possible to monitor in-
teractions with dendrimers between external and internal regions of
the membrane. In all cases, dendrimers inﬂuenced both the hydropho-
bic and the hydrophilic part of the DMPC bilayers, while ﬂuidity de-
creased. The signiﬁcant changes in anisotropy were observed for
neutral liposomes above 10 μM in the dendrimer concentration
(Figs. 3A, B and 4A, B). The inﬂuence of the PPI DS (Fig. 4) dendrimers
on neutral and negatively charged liposomes was stronger than that
Table 2
Changes in hydrodynamic diameter during liposome titration with dendrimers.
Dendrimer concentration [μM] 0 0.5 5 10 20 30 60
Hydrodynamic diameter [nm]
DMPC + OS 120 ± 2 121 ± 1 121 ± 1 121 ± 1 121 ± 1 120 ± 1 121 ± 1
DMPC + OSa 118 ± 1 119 ± 2 120 ± 1 120 ± 1 121 ± 1 119 ± 1 122 ± 1
DMPC + DS 120 ± 2 120 ± 1 121 ± 1 121 ± 2 121 ± 2 121 ± 2 121 ± 3
DMPC + DSa 118 ± 1 119 ± 1 120 ± 1 121 ± 1 119 ± 1 120 ± 2 121 ± 1
DMPC + PPI 122 ± 1 126 ± 1 126 ± 2 128 ± 1 128 ± 2 127 ± 1 127 ± 2
DMPC + PPIa 118 ± 2 123 ± 2 124 ± 1 126 ± 3 125 ± 1 127 ± 2 128 ± 2
DMPC/DMPG + OS 137 ± 3 145 ± 6 166 ± 5 281 ± 57 260 ± 43 252 ± 48 1306 ± 172
DMPC/DMPG + OSa 132 ± 2 131 ± 2 136 ± 5 136 ± 10 134 ± 5 135 ± 7 148 ± 17
DMPC/DMPG + DS 137 ± 3 136 ± 3 135 ± 3 135 ± 2 134 ± 2 134 ± 1 132 ± 1
DMPC/DMPG + DSa 132 ± 2 133 ± 1 134 ± 2 135 ± 2 133 ± 1 135 ± 2 134 ± 2
DMPC/DMPG + PPI 136 ± 1 164 ± 8 275 ± 42 685 ± 71 1120 ± 129 - -
DMPC/DMPG + PPIa 131 ± 2 130 ± 1 132 ± 2 132 ± 1 133 ± 2 136 ± 2 138 ± 1
a Samples in a buffer with 150 mM NaCl.
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dendrimers made the structure of the bilayer more rigid. The PPI OS
dendrimer had a strong impact on the hydrophilic part of negatively
charged liposomes. Anisotropic changes in the DMPC/DMPG liposomes
due to interaction with the PPI OS and PPI dendrimers were made only
to the 60 μM (PPI OS) or 20 μM(PPI) dendrimer concentrations becauseFig. 2. Fluorescence anisotropy of DPH (A, C) or TMA-DPH (B, D) probes in DMPC (A, B) or DM
150 mM NaCl; r, sample ﬂuorescence anisotropy value; r0, control ﬂuorescence anisotropy valu
0.0005; ANaCl – 0.0741± 0.0011; B – 0.1884± 0.0013; BNaCl – 0.1836± 0.0027; C – 0.0725± 0
expressed as the mean ± SEM. n= 3; p b 0.05 for each point vs. control.of the precipitation that occurred in the sample. All types of dendrimers
affected the lipid order packing of DMPC and DMPC/DMPG liposomes,
but the ﬂuidity changes were weaker when the experiments were car-
ried out in a buffer with 150 mM NaCl. These observations shed light
on the mechanism of lipid–dendrimer interactions and were revealed
using the DSC technique.PC/DMPG (C, D) liposome/PPI dendrimer mixtures. –, buffer without NaCl;…, buffer with
e in the absence of dendrimers. Values of control ﬂuorescence anisotropy: A – 0.07358 ±
.0021; CNaCl – 0.0735± 0.0024; D – 0.1742± 0.0028; DNaCl – 0.1823± 0.0010. All data are
Fig. 3. Fluorescence anisotropy of DPH (A, C) or TMA-DPH (B, D) probes in DMPC (A, B) or DMPC/DMPG (C, D) liposome/PPI OS dendrimermixtures. –, bufferwithout NaCl;…, bufferwith
150 mM NaCl; r, sample ﬂuorescence anisotropy value; r0, control ﬂuorescence anisotropy value in the absence of dendrimers. Values of control ﬂuorescence anisotropy: A – 0.0645 ±
0.0007; ANaCl – 0.0620 ± 0.0012; B – 0.1634 ± 0.0024; BNaCl – 0.1643 ± 0.0010; C – 0.0633 ± 0.0025; CNaCl – 0.0705 ± 0.0029; D – 0.1634 ± 0.0016; DNaCl – 0.1632 ± 0.0042. All
data are expressed as the mean ± SEM. n= 3; p b 0.05 for each point vs. control.
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The increasing temperature allows lipids to change their mesomor-
phic phases from the gel phase to the liquid-crystalline phase. At tem-
peratures above the transition point, lipid molecules have higher
energy and move faster and more easily. Two peaks can usually be ob-
served in the thermograms. The ﬁrst one,which appears at a lower tem-
perature, is connected to pretransitions, and the other one, which
appears at a higher temperature, is a main transition point. For lipids
used in the experiment, the pretransition point should be observed at
temperatures near 13 °C (DMPC) and 12 °C (DMPG), and themain tran-
sition should be observed at 24 °C (DMPC) and 23 °C (DMPG).
Fig. 5 shows a series of heating scans for pure DMPC (curve A) and
the DMPC/DMPG mixture (curves B and C). The thermotropic parame-
ters of thermograms are given in Table 3. It was not possible to observe
a good curve for the pretransition point for all samples. The main tran-
sition for DMPC occurred at 24.40 °C, and the addition of DMPG to the
mixture slightly increased the lipids' transition temperature to
24.50 °C. Experiments with additional NaCl were carried out only for
DMPC/DMPG liposomes because more signiﬁcant changes could be ob-
served in the thermodynamic parameters. In the presence of 150mMof
NaCl, the main transition temperature of DMPC/DMPG increased by
0.1 °C. The enthalpy values for all samples did not change.
The interactions between DMPC or DMPC/DMPG liposomes and un-
modiﬁed PPI G4 (Fig. 6), PPI G4 DS (Fig. 7) and PPI G4 OS (Fig. 8)dendrimers were examined. The same lipid:dendrimer ratio of
10:1 was investigated in all experiments. Isotherms of interactions
between liposomes and PPI OS dendrimers are shown in Fig. 6. The
main transition temperature of the lipid increased after the dendrimer
addition. Those changes are observed for all types of liposomes used
in the experiments. The comparison of transition temperatures between
samples with and without NaCl showed that the temperatures of
transition points had lower values when the environment of interaction
was enriched with salt (Table 3). An interesting phenomenon occurred
during the experiment with DMPC/DMPG liposomes and PPI OS
dendrimers in 10 mM Hepes. The change in the shape of the transition
curve can be related with a phase separation in the beginning
of the phase changes. This phenomenon was not noticed in the
experiment with the buffer that consisted of 10 mM Hepes with
150 mM NaCl.
A series of heating scans for liposomes and their interactions with
PPI DS dendrimers are shown in Fig. 7. As it was for the open shell den-
drimer, the main transition temperature of the lipid increased after the
dendrimer addition. As before, when the environment of interaction
was enriched with salt, the transition temperature decreased. The tem-
perature of the liposome transitionwas higherwhen vesicles interacted
with the PPI DS dendrimer (Table 3). The dense shell dendrimer
changed the temperature of transitionmore than the open shell dendri-
mer. The temperature of themain transition point increasedmore in the
case of the dense shell dendrimer.
Fig. 4. Fluorescence anisotropy of DPH (A, C) or TMA-DPH (B, D) probes in DMPC (A, B) or DMPC/DMPG (C, D) liposome/PPI DS dendrimermixtures.–, buffer without NaCl;…, buffer with
150 mM NaCl; r, sample ﬂuorescence anisotropy value; r0, control ﬂuorescence anisotropy value in the absence of dendrimers. Values of control ﬂuorescence anisotropy: A – 0.0645 ±
0.0007; ANaCl – 0.0620 ± 0.0012; B – 0.1634 ± 0.0024; BNaCl – 0.1643 ± 0.0010; C – 0.0633 ± 0.0025; CNaCl – 0.0705 ± 0.0029; D – 0.1634 ± 0.0016; DNaCl – 0.1632 ± 0.0042. All
data are expressed as the mean ± SEM. n= 3; p b 0.05 for each point vs. control.
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Interaction of anionic DMPG against neutral dense shell
glycodendrimer was investigated by using several NMR methods and
concentration of DMPG below critical micelle concentration (cmc).
The use of DMPG below cmc is directed to following point: does the
non-assembled anionic phospholipid DMPG undergo any non-
covalent interactions with DS PPI? The reason for this is that postulated
H-bond-driven interactions between anionic vesicles and neutral DS PPI
cannot be studied directly by any NMR methods. This is explainable by
the huge difference in molecular weight of large phospholipid vesicles
against smaller DS PPI macromolecules which exhibits low intensity of
NMR signals for smaller DS PPI macromolecules. With this pre-
consideration in mind it is reasonable to perform NMR interaction
study by down-sizing the huge mass difference in this manner to use
non-assembled phospholipid DMPG below cmc and DS PPI. Thus, only
pulsed-ﬁeld gradient (PFG) NMR experiments were the only choice to
obtain some information about the interaction properties between
non-assembled phospholipid DMPG molecules and excess DS PPI
macromolecules.
Results from PFG NMR experiments are presented in Figs. 9 and 10.
While the diffusion coefﬁcient of DS PPI in a separate experiment is
5.5 * 10−11 m2/s, for the phospholipid DMPG the same mono-
exponential decay is observable with a diffusion coefﬁcient between3.5 * 10−10 m2/s and 3.9 * 10−10 m2/s in the absence and presence of
DS PPI (Fig. 9). This clearly implies that no non-covalently-driven inter-
actions (H-bonds and/or ionic interaction) exist between isolated, non-
assembled anionic phospholipid DMPG and neutral DS PPI. In opposite
to this weak interaction of anionic ANS against neutral DS PPI is deter-
minable by PFG NMR experiments under comparable conditions
(Fig. 10). This is in accordance with previously reported results that a
low complexation capacity of DS PPI against anionic ANS exists [8].
Overall, the sensitivity is low because of using cmc of DMPG (DMPG:
0.0044 mM in D2O (cmc = 0.011 mM); DS PPI: 0.022 mM).
4. Discussion
The common problems with substances that have potential use as
new biopharmaceutics are their insolubility in aqueous solutions, cyto-
toxicity and sensitivity to environment factors such as light, enzymes or
pH. It is not surprising that signiﬁcant effort has been spent to create
molecular systems that will be able to not only protect and make new
biopharmaceutics more biocompatible but also transport them to the
target location and release them in a time-dependent manner. Promis-
ingmolecules in this area are dendrimers. Perfectly branched structures
and easy surface chemical modiﬁcations predispose them as highly bio-
compatible materials that can become very efﬁcient drugs or nucleic
acid carriers. However, many reports are available describing the
Fig. 5. DSC heating scans of model DMPC (A – in 10 mM Hepes) or DMPC/DMPG (B – in
10 mM Hepes, C – 10 mM Hepes + 150 mM NaCl) liposomes.
Fig. 6. DSC heating scans of DMPC (A, B, E, F) or DMPC/DMPG (C, D, G, H) liposomes
in 10 mM Hepes (A, B, C, D) and in 10 mM Hepes with 150 mM NaCl (E, F,G, H) in the
presence of unmodiﬁed PPI dendrimer generation 4 (B, D, F, H). The molar ratio lipid:
dendrimer was 10:1.
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ties of these molecules. Apparently, increasing the number of positively
charged groups on dendrimers increases their toxicity [8,9,18,19].
Several possiblemodels of the interactions between dendrimers and
model membranes have already been proposed. Positively charged
dendrimers are highly toxic to the cells as a result of increasing perme-
ability and destroy the integrity of the cell membrane [8,9,18]. The de-
stabilization of the lipidic part of biological membranes has been
investigated in several models of liposomes. Some dendrimers are
able to remove lipids and create nanoholes in the structure of the lipid
bilayer [39–41]. It has been shown that dendrimers change the proper-
ties of the lipid bilayer not only on the surface but also in the hydropho-
bic region [28,29,42,43]. Several authors have also focused their
attention on the role of functional groups and the size of molecules in
the investigated interactions [26,44]. The number of surface groups,
their charge and the shapes of molecules affect the strength of interac-
tion. Higher generations of dendrimers affect the structure of the lipid
bilayer triggered by number of cationic surface groups [27,45,46].Table 3
DSC parameters of the DMPC and DMPC/DMPG liposome interaction with 4th-generation
maltose-modiﬁed PPI dendrimers.
10 mM Hepes 10 mM Hepes +
150 mM NaCl
Tm [°C] Hn/Hc Tm [°C] Hn/Hc
Pure Lipids DMPC 24.40 1.00 – –
DMPC/DMPG 24.50 1.00 24.61 1.00
PPI DMPC 24.33 0.98 24.43 1.02
PPI DMPC/DMPG 24.59 0.96 24.47 0.97
PPI OS DMPC 24.54 1.03 – –
DMPC/DMPG 24.80 0.95 24.65 0.97
PPI DS DMPC 24.63 1.00 – –
DMPC/DMPG 24.97 0.99 24.81 0.92
Calorimetric parameters: Tm— temperature at which heat capacity at constant pressure is
maximum; Hn/Hc — ratio between transition enthalpies of sample with dendrimer (Hn)
and plane lipids (Hc).
Fig. 7. DSC heating scans of DMPC (A, B) or DMPC/DMPG (C, D, E, F) liposomes in 10 mM
Hepes (A, B, C, D) and in 10mMHepes with 150 mMNaCl (E, F) in the presence of PPI OS
dendrimer generation 4 (B, D, F). The molar ratio lipid:dendrimer was 10:1.
Fig. 8. DSC heating scans of DMPC (A, B) or DMPC/DMPG (C, D, E, F) liposomes in 10 mM
Hepes (A, B, C, D) and in 10mMHepes with 150mMNaCl (E, F) in the presence of PPI DS
dendrimer generation 4 (B, D, F). The molar ratio lipid:dendrimer was 10:1.
Fig. 10. Decay of diffusion for the dye ANS (Fig. 1c) in the presence and absence of
glycodendrimer DS PPI presented by the Steijskal–Tanner plot in solvent D2O.
1498 D. Wrobel et al. / Biochimica et Biophysica Acta 1848 (2015) 1490–1501In the presentwork,we used cationic unmodiﬁed PPI dendrimer and
cationic open shell PPI glycodendrimer, but also a neutral dense shell
glycodendrimer to investigate their interaction with model lipid mem-
branes. PPI dendrimers without any modiﬁcations possess amine sur-
face groups, which are cationic at a neutral pH. Because of their
positive charge, they are very toxic for cells and are not suitable for bio-
medical applications without additional surface modiﬁcations. Reduc-
ing the amount of surface charge decreases their toxicity but may also
decrease the afﬁnity to the membrane as well. The neutral and slightly
positively charged glycodendrimers exhibit differences in their interac-
tions with neutral DMPC and negatively charged DMPC/DMPG lipo-
somes in the presence and absence of NaCl. The various experiments
should reﬂect the inﬂuence of sodium chloride at physiological concen-
trations on investigated systems.Fig. 9. Decay of diffusion for phospholipid DMPG (Fig. 1c) in the presence and absence of
glycodendrimer DS PPI presented by the Steijskal–Tanner plot in solvent D2O.Thus, the number of modiﬁed surface groups determines the surface
charge of dendrimers, and as a consequence, unmodiﬁed PPI and PPI OS
dendrimers were positively charged, while PPI DS dendrimers were
slightly negatively charged in Hepes buffer at pH 7.4. In this context,
previous studies have shown that PPI DS dendrimers also exhibit nega-
tive zeta potential in PBS buffer at pH 7.4, while the charge density of PPI
DS dendrimers, determined by polyelectrolyte titration experiments, is
neutral [8] when the real parameter of charged and non-charged mac-
romolecules is considered. This means that the surface charge deter-
mined by zeta potential measurements has some limitations in its
priority when macromolecules are additionally functionalized with
neutral molecules, as occurred here in this study. On the other hand,
there is a good correlation between surface charge, determined by
zeta potential, and charge density, determined by polyelectrolyte titra-
tion experiments, when evaluating the (surface) charge of parental
PPI dendrimers [8]. Modiﬁcations changed not only the charge of mole-
cules but also the molecular weight and size. The PPI OS dendrimer has
the half of the molecular mass of the PPI DS dendrimer, and similarly,
the hydrodynamic diameter is much lower compared to PPI DS [PPI
dh= 3±2 nm; PPI OS dh=3±1 nm; PPI DS dh= 5±1 nm(Table 1)].
Light scattering experiments evaluated the interaction between neg-
atively charged model membranes and positively charged open shell
glycodendrimer and pure PPI dendrimer (Table 2). In those samples,
the aggregation processwas observed, and the increasing concentration
of both dendrimers caused the growth of the aggregates. Even at low
0.5 μM PPI OS dendrimer concentration inﬂuences the diameter of neg-
atively charged liposomes, and the size changes from 137 nm to
147 nm. The highest concentration of dendrimer used was 60 μM (PPI
OS) and 20 μM (PPI) and it was also the highest concentration for the
spectroﬂuorimetry measurements. Above this concentration, no mea-
surements were performed because of the large aggregates that oc-
curred in the sample. Changes in the liposomes' diameter suggest an
aggregation process between negatively charged liposomes and posi-
tively charged dendrimers based on electrostatic interactions. Those re-
sults were not surprising because similar observations have been made
for positively charged phosphorus-containing dendrimers [28,47] as
well as for cationic carbosilane dendrimers [29]. The authors suggested
that themechanism of interactionwasmainly based on the electrostatic
binding between dendrimers and lipid vesicles.
Considering the interaction properties of dense shell
glycodendrimer with liposomes observed by DLS study (Table 2), it is
well known that the composition of the environment can inﬂuence
the shape and dimension of liposomes [48–51]. This is in accordance
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the presence of NaCl. The inﬂuence of NaCl presence on a hydrodynamic
diameter of liposomes is not very signiﬁcant for neutral DMPC lipo-
somes, but it is more pronounced for negatively charged DMPC/DMPG
liposomes. Thus, anionic liposomes in the absence of NaCl are approxi-
mately 5 nm larger than those prepared in a salty environment
(Table 2). Similar to other interaction studies of dendrimer against
liposomes [28, 45, 46], we observed that the presence of various PPIs
in solution inﬂuences the hydrodynamic diameter of liposomes. Hydro-
dynamic diameter of neutral DMPC liposomes increases after the addi-
tion of pure PPI to the liposome solution (Table 2), while no (pure
Hepes buffer) or nominal (Hepes buffer with NaCl) increase of neutral
liposomes' diameter in the presence of OS PPI and DS PPI is recogniz-
able. This can be explained by the interaction of PPIs with the surface
of lipid bilayers as observed also by other techniques (change of mem-
brane ﬂuidity). Here, the hydrodynamic diameter of neutral liposomes
is (slightly) increased probably due to captured dendrimers protruding
out of the lipid bilayer. Contrary to this, the hydrodynamic diameter of
anionic DMPC/DMPG liposomes in 10 mM Hepes buffer decreases in a
concentration dependent manner when DS PPI was added to the solu-
tion, reaching at highest 60 μM concentration of DS PPI. In this context
a similar value of hydrodynamic diameter of anionic liposome in
10 mM Hepes buffer with 150 mM NaCl is available. A closer view on
lipid membrane properties from literature [51] reveals following point
that increasing concentration of monovalent ions (as Na+, Cl−) can in-
duce changes of lipidmembrane properties (e.g., dehydration, change of
polarization, lipid diffusion or phase separation). Such structural chang-
es can mirror in the change of hydrodynamic diameter of liposomes
[51]. This is mainly present in the case of negatively charged DMPC/
DMPG liposomes where signiﬁcantly smaller diameter of liposomes
prepared in a buffer with 150mMNaCl was observed as compared to li-
posomes prepared in NaCl-free buffer. Similarly to this, we hypothesize
that the observed decrease of anionic DMPC/DMPG liposome diameters
in the presence of DS PPI in Hepes buffer without NaCl can be related to
the outlined processes of membrane structural changes [51] due to the
local presence of (few) dendrimers on liposomes' surface. This local in-
teraction on liposomes' surface is also responsible for the changes in
membrane ﬂuidity observed (Figs. 2 and 3). Instead of growing size di-
mension for describing the interaction as observed between cationic OS
PPI and anionic liposomes it is possible to detect decrease of liposomes'
diameter in the presence of neutral DS PPI. Overall the DLS study re-
vealed that ionic interactions exist between cationic OS PPI and anionic
liposomes for all experimental conditions. Molecular interactions of
neutral DS PPI, preferentially triggered by H-bonds, can be postulated
in the presence of anionic liposomes, while molecular interactions for
OS PPI and DS PPI in the presence of neutral liposomes are onlymargin-
ally recognizable in Hepes buffer with NaCl.
When othermethods (ﬂuorescence andDSC) have been used, stron-
ger indications are given that open and dense shell PPI dendrimers are
involved in the interactions with neutral and negatively charged lipo-
somes as well. This observation leads to the conclusion that the interac-
tions were not related only to dendrimer charge. Moreover, the results
indicate that the DS dendrimer induced higher perturbations in the
lipid bilayers than the OS and unmodiﬁed dendrimer at the same con-
centration. This was observed with both measurement methods used
(DSC and spectroﬂuorimetry). Stronger perturbations shown by DS
PPI can be inﬂuenced by the higher surface group density of the PPI
DS dendrimerwhere the peripheral amino groups of PPI core are prefer-
entially modiﬁed with maltose units in DS PPI dendrimer. Our results
suggested that a macromolecule with a higher surface group density
produces a higher perturbation when it interacts with the lipid bilayer.
It has been shown that maltose-modiﬁed dendrimers have less ﬂexible
structures than unmodiﬁed ones [13], so the number of maltose groups
inﬂuences not only the physico-chemical (charge change) but also the
physical properties (size, molecular weight and molecule ﬂexibility).
The observed differences in the interactions might be due to thedifferent numbers of maltose groups attached to the dendrimer surface.
Because the OS PPI dendrimer has fewer maltose groups, its structure
could be more ﬂexible that hampers an aimed interactions against neu-
tral and anionic liposomes. This alsomeans that it is easier for themem-
brane to keep its original properties. These data suggested that the
nature of interactions is mostly entropic and depends on the exclusion
volume of the dendrimers. PPI that is 100%maltose modiﬁed has a larg-
er diameter than OS PPI and produces more signiﬁcant changes in the
structure of the lipid bilayer. It can be clearly seen that the PPI DS den-
drimer could interact even more through non-covalent interactions
(H-bonds) than the slightly positively charged OS PPI dendrimer
through not only hydrogen bonds but also ionic interactions. The
inﬂuence of ionic interactions can also be decreased by the backfolding
properties of maltose units in open shell glycodendrimers [13]. Similar
behavior has already been observed for phosphorus-containing
dendrimers. Those cationic macromolecules interacted with neutral
DMPC or DPPC liposomes according to the temperature and the concen-
tration of dendrimers inside the sample. The strength of interaction
depended on the generation of the dendrimer aswell as on the thermo-
dynamic state of the lipid bilayer. The higher generation dendrimer
caused larger disturbances. Interactions did not occur when experi-
ments were carried out below themain transition temperature of lipids
[28]. The mechanism of interaction through the hydrogen bonding of
maltose-modiﬁed PPI dendrimers has already been observed. Klajnert
et al. have shown that maltose-modiﬁed dendrimers can efﬁciently in-
teract with proteins (human serum albumin) as non-modiﬁed PPI
dendrimers by nonspeciﬁc hydrogen bonding [8]. During our experi-
ments, precipitation occurred when the DMPC/DMPG liposomes were
incubated with a high concentration (60 μM) of PPI OS and (20 μM)
PPI dendrimers. This leads to the conclusion that the ionic interaction
also appears between positively charged dendrimers and negatively
charged liposomes. Our results suggested that these interactions are
less important in the process of membrane penetration by both
dendrimers. Finally, results from DSC and ﬂuorescence study conﬁrm
our working hypothesis concluded from DLS that marginal changes in
size dimension give ﬁrst indication onweakly non-covalently driven in-
teractions of neutral dense shell glycodendrimers against neutral and
anionic liposomes.
Explanation for themarginal changes in size dimension, especially, in
the case of DS PPI determined by DLS study can be as postulated in for-
mer interaction studies between dense shell glycodendrimers and vari-
ous charged proteins [8,20,21]. H-bond-driven interaction of DS PPI on
the surface of liposomes is only available when larger contact surfaces
are present for the interaction between DS PPI and neutral or anionic li-
posomes. This implies that for the non-covalently driven interaction be-
tween two differently large entities the smaller DS PPI has to adapt to
the larger molecular surface of liposomes, fabricated by assembled neu-
tral or neutral/anionic phospholipids. This possible molecular interac-
tion process is reasonable where DS PPI can preferentially undergo H-
bond-driven interaction with the H-bond-active surface of neutral and
anionic liposomes. H-bond-active surface of liposomes is provided by
the presence of anionic phosphate groups (from phospholipid DMPG
and DMPC), hydroxy groups (from anionic DMPG) and cationic amino
groups (from neutral DMPC). The molecular adaptation of liposome's
surface by DS PPI is one requirement to undergo multiple H-bond inter-
actions with liposome's surface. Consequently, it results in the highest
perturbation of membrane ﬂuidity compared to the molecular interac-
tion of OS PPI against liposomes, while the ionic interaction properties
of cationic OS PPI may play a minor role in this multiple interaction pro-
cess with liposome surface to disturb the ﬂuidity of membranes in lipo-
somes. Moreover, results from PFG NMR experiments support our
working hypothesis of multiple H-bonds between DS PPI and liposome
surface that non-assembled DMPG molecules below cmc are not able
to undergo any non-covalently driven interaction with DS PPI. This im-
pressively implies that the individual anionic and H-bond-active head
group in DMPG molecules does not allow any deﬁned non-covalent
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core [8,15] in DS PPI. It also exhibits that individual anionic DMPG mol-
ecules cannot penetrate dense shell to undergo ionic interaction with
cationic core as found in PFG NMR experiment for anionic ANS mole-
cules. Finally, it is also noteworthy to mention that generation G4 used
in DS PPI outlines a much stronger capacity on H-bond active groups
in the outer shell as available in the case of G3. This discrepancy was
nicely shown in former studies where a higher amount of G3 dense
shell PPI glycodendrimer is required compared to those of G4 to
suppress the formation of ﬁbrils fabricated by amyloidogenic peptides
[15, cited reference in 15]. Therefore, only the largest generation, G4,
within the PPI dendrimer family was used in our study to guarantee the
high capacity on H-bond-active surface in dense shell glycodendrimers
for the interaction with H-bond-active liposome's surface.
Another aspect revealed during the experiments was the inﬂuence
of the physiological concentration of sodium chloride on dendrimer–
lipid interactions. It has been revealed that the addition of cations to
the environment surrounding the liposomes inﬂuences their properties.
The highestmembrane ﬂuidity was observedwithout ions, whereas the
supplementation of ions reduced membrane ﬂexibility. This observa-
tionwas associated with the type of ion, its presence in the interference
region of the bilayer structure and thedehydration of the outer region of
the bilayer structure. It has been reported by others that sodium chlo-
ride reduced membrane ﬂuidity more than potassium or calcium ions
and caused a high amount of lipid dehydration [52]. Our experiments
were conducted in environments with and without the addition of
NaCl to investigate the inﬂuence of salt on dendrimer/lipid bilayer inter-
actions. For all experiments andmethods used, it was observed that the
addition of NaCl to the experimental environment decreased the
strength of interactions between dendrimers and liposomes. We hy-
pothesize that the membrane became more rigid because of the inﬂu-
ence of NaCl on the bilayer structure and less accessible for interaction
with other compounds, such as dendrimers.
5. Conclusions
The inﬂuence of G4 PPI dendrimers with primary amino surface
groups partially (open shell glycodendrimers – OS) or completely
(dense shell glycodendrimers – DS) modiﬁed with maltose residues on
DMPC or DMPC/DMPG liposomeswas studied. Both types of dendrimers
showed interactions with neutral as well as with negatively charged li-
posomes. The results suggest that the interactions were mostly related
to hydrogen bonding between surface grafted maltose and lipid mole-
cules and partially related to ionic interactions but more investigation
in this area is necessary. This situation resulted in the phenomenon
where neutral DS PPI dendrimers interacted more strongly with model
lipidic membranes than with cationic OS dendrimers. The nature of in-
teractions seems to be mostly entropic and depends on the exclusion
volume of the dendrimers. At the same concentration, the DS dendrimer
induced higher perturbations in both types of lipid bilayers than the OS
dendrimer. The addition of NaCl to the experiment environment reduced
the strength of interactions betweendendrimers and liposomes. It can be
hypothesized that maltose-modiﬁed dendrimers are able to interact
withmodelmembranes irrespectively of the surface charge by hydrogen
bonding. Themain factors involved in the investigated interactions were
the concentration, size and density of surface groups of the dendrimer
molecule. The properties of these maltose-modiﬁed PPI dendrimers
highlight their potential use as a new type of drug delivery system.
The results presented in this article lay the foundation for future in-
vestigations that will help to understand the interaction between PPI
glycodendrimers and liposomes.
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